Abstract. This paper describes theoretical analysis, fabrication techniques, and measurement results for frequency-selective surfaces operating in the millimeter and submillimeter wave region. The analysis is based on the method of moments with entire domain basis functions, obtained by the boundary-integral-resonant-mode-expansion method. This method is particularly efficient and applies to the analysis of thick metal screens perforated periodically with arbitrarily shaped apertures. Three fabrication techniques are discussed and applied: photolithographic etching, galvanizing growth, and milling. Prototypes obtained with the different fabrication techniques are presented. Finally, measurements of the frequency response of the prototypes are presented, based on a new spectroscopic tool called terahertz time-domain spectroscopy. In all cases, the measurement data fit very well with the simulations.
Introduction
Metal screens perforated periodically with apertures of various shapes are widely used as frequency-selective surfaces ͑FSSs͒ ͑or frequency-selective components, FSCs͒ in the millimeter and submillimeter wave range ͑Fig. 1͒. 1, 2 The shape of the apertures, their size and spacing, and the thickness of the metal screen determine the frequency behavior of the FSS. These components find various applications as filters, 3, 4 in quasioptical frequency multipliers, 5 in diplexing applications, 6 in laser cavities, 7 and in FabryPerot interferometers. 8 This paper covers three different topics related to the realization of FSSs: design, fabrication technologies, and measurement techniques.
Many numerical methods have been applied to the analysis of FSSs: the most popular are the finite-difference time-domain ͑FDTD͒ method, 9 the finite-element method ͑FEM͒, 10 and the integral-equation method ͑IEM͒. 11 The FDTD method and the FEM apply to arbitrary structures, but typically are quite slow. Conversely, the IEM is very efficient if used with entire domain basis functions, whose application, however, is usually limited to particular shapes. 12 On the other hand, subdomain basis functions ͑e.g., rooftops͒ have been typically used in the analysis of arbitrarily shaped apertures, leading to long CPU time and large memory requirement. 13 Recently, we have overcome this drawback by using ͑also in the case of arbitrarily shaped apertures͒ entire domain basis functions, 14, 15 obtained by the boundary-integral-resonant-mode-expansion ͑BI-RME͒ method. [16] [17] [18] This approach resulted in a fast and flexible computer code, which performs the wideband analysis of FSSs with arbitrarily shaped apertures in tens of seconds on a standard PC. This code is so designed that it can be effectively embedded in a CAD tool for the analysis and optimization of FSSs.
An accurate fabrication technique is also required. Among the available techniques for the fabrication of FSSs in the millimeter and submillimeter wavelength range, we consider in this work both photolithographic and micromechanical approaches. Photolithographic techniques are used to fabricate printed FSSs, which comprise a periodic array of apertures in a thin conductive screen, either backed by a dielectric substrate or freestanding. 19 In this paper, we compare two photolithographic techniques we applied for the realization of printed FSSs. In the first method, we used a photolithographic etching process on a commercially available thin copper foil for the structuring of the FSS. This process is compared with the second method we used, which is based on a galvanizing growth on a base substrate, where we managed to directly fabricate the free-standing perforated copper foil. Besides these photolithographic techniques, we present also a mechanical technique, which permits producing perforated thick metal plates, acting as high-pass filters. 20 These filters are compact and physically robust.
Transmission measurements of FSSs, especially in the terahertz region, require sophisticated techniques. In the past decade spectroscopic techniques in the millimeter and the submillimeter wave region have been expanded by a new spectroscopic tool called terahertz time-domain spectroscopy ͑THz-TDS͒. 21 THz-TDS allows broadband measurements in the terahertz region, which is difficult to access by conventional techniques like microwave and Fourier transform spectroscopy. THz-TDS has proved to be a powerful tool for fast characterization of FIR properties of objects as diverse as gases, 21, 22 dielectrics, semiconductors, 23 superconductors, 24 liquids, 25 flames, 26 and frequency-selective surfaces. 27 For this reason, we used the THz-TDS technique to characterize the frequency response of FSSs operating in the terahertz region: Sec. 4 outlines the basics of this technique and describes our measurement setup.
The analysis of FSSs by the BI-RME method, the different techniques used in the fabrication, and the measurements by the THz-TDS method are extensively discussed in this paper. Many experimental results are reported.
Theoretical Analysis of FSSs
The proposed theoretical approach permits us to calculate the frequency response of FSSs consisting of thick metal screens, perforated periodically with apertures of arbitrary shape ͑Fig. 1͒, and illuminated by a uniform plane wave. This algorithm was first presented in Ref. 14 for the analysis of infinitely thin perforated screens and was extended to the case of thick screens in Ref. 15 .
Due to the periodicity of the structure, we apply the Floquet theorem, 28 and the analysis reduces to the investigation of a single unit cell ͑Fig. 2͒. By using the equivalence theorem, the two apertures connecting the waveguide section with free space are closed by perfectly conducting walls, and ͑unknown͒ magnetic current densities are defined over the surfaces of the apertures. Thus, the region of interest is split into three parts: the free space on the two sides of the metal screen, and the waveguide section ͑see Fig. 2͒ . The aim of the analysis is the determination of the unknown magnetic currents, which allow for determining the transmitted and reflected fields. To this end, the continuity of the tangential components of the fields is enforced across the interfaces between the three regions. The resulting integral equation is solved by using the method of moments ͑MoM͒ in the Galerkin form. The unknown magnetic currents are expressed as a weighted summation of entire domain basis functions, which are the electric modal fields of the waveguide. Moreover, the fields in free space are expressed as a combination of Floquet modes, whereas the fields in the waveguide are represented as a combination of the modal fields of the waveguide.
The entire domain basis functions are numerically determined in a very efficient way by using the BI-RME method. 16 This method is very fast and flexible; it allows calculating a large number of modes of an arbitrarily shaped waveguide in a few seconds. Furthermore, the method yields as a primary result the boundary values of the potentials of the TE and TM waveguide modes. These results can be used for a direct calculation of the integrals involved in the MoM matrices, by reducing surface integrals to line integrals. 14 The possibility of considering arbitrarily shaped apertures has a tremendous relevance. In fact, it allows for taking into account the unavoidable inaccuracies due to the fabrication process, e.g., rounding of edges or corners in the aperture shape. This issue is extensively discussed in Sec. 3. Moreover, the experimental results reported in Sec. 5 outline features of our code that are of paramount importance in achieving very accurate results.
Fabrication Process
In this section, our experience in the use of different techniques for the fabrication of FSSs in the millimeter and submillimeter wave region is presented, showing that some techniques guarantee good accuracy in the aperture pattern.
We started the FSS fabrication with a photolithographic etching process. A commercially available copper foil with a thickness of 30 m was mounted on a frame to avoid damage during the numerous fabrication steps. This foil was covered with photoresist, and after the exposure and development of the resist, the etching process was started. Due to underetching effects, the reproduction of the contour of the small apertures in the etched copper foil was extremely bad. Especially in the case of bandpass filters for frequencies higher than 200 GHz ͑where the aperture size is very small͒, the contour of the apertures in the copper foil was strongly deformed. A fabrication example of a quasioptical bandpass filter with cross-shaped apertures for 435-GHz center frequency is shown in Fig. 3 ; the cross shape can hardly be recognized.
Due to the bad results of the etching process, we decided to use a galvanizing growth process to avoid the underetching problem. The foils are grown on a base substrate made of copper, which is partly covered with photoresist according to the outline of the filter apertures. In order to get sufficient mechanical stability of the foils, a thickness of minimum 6 m of the grown copper layer had to be realized. Therefore we used a fixed photoresist with a thickness of 25 m. The last step in this galvanizing fabrication process is the nondestructive removal of the grown copper foil from the substrate, which is a very critical step. We solved this problem by using an aluminum oxide coating on the copper substrate, which reduces the adhesion of the grown copper layer to the base substrate so that the perforated copper foils can be removed from the substrate without any damage. Figure 4 shows a photograph of a galvanized freestanding 280-GHz mesh filter. 19 The high accuracy of the galvanizing growth procedure due to the avoidance of underetching can be observed. In Fig. 5 a microscope photograph of a resonator edge of a galvanized filter shows the sharp micro outline.
Additionally, we measured the surface roughness using a perthometer. The average roughness of the galvanized foils was lower than 1 m, but it gives rise to small additional ohmic losses. With this fabrication technique we realized the described mesh filters for center frequencies up to 1 THz.
A different technique was adopted for the fabrication of dichroic filters, consisting of thick metal screens perforated with an equilateral array of hexagonally close-packed circular holes. These filters have been used in the millimeter wavelength region for a long time and have been scaled down into the submillimeter region by the use of numerically controlled milling machines. 27 They provide a sharp frequency response, which is achieved when the thickness t of the metal plate, the hole diameter d, and the spacing s ͑see Fig. 6͒ have a ratio of approximately 1 :1.2:1.6.
27,29
This mechanical technique is limited by its nature to circular apertures with minimum hole diameters due to the finite size of feasible drills. Therefore, limitations are encountered in fabricating dichroic plates with cutoff frequency above Ϸ2 THz. In this frequency range the thickness of the metal plate is below Ϸ70 m, allowing the consideration of other fabrication processes like photolithography, galvanizing growth, or even laser ablation. 
Measurement Technique
THz-TDS is based on the excitation of biased semiconductors or electro-optic crystals by a femtosecond laser pulse. In the case of a biased photoconducting material, here GaAs, a transient current gives rise to the emission of an electromagnetic ͑EM͒ pulse of typically less than 1-ps time duration. This EM ͑terahertz͒ pulse comprises a frequency spectrum ranging from a few gigahertz up to the terahertz region. In the case of an electro-optic crystal, optical rectification of the femtosecond laser pulse generates the terahertz pulse. 30 Optical sampling permits coherent detection of the electric field strength of the terahertz pulse, thus enabling the measurement of both the real and imaginary parts of the dielectric function of materials.
In our measurement setup, the filter transmission characteristics have been measured with an electro-optic ͑EO͒ sampling terahertz time-domain spectrometer, shown in Fig. 7 . Pulses from a regenerative Ti:sapphire oscillator are divided by a beamsplitter into a probe and a pump beam. The latter illuminates a GaAs wafer to generate the terahertz pulse, which is linearly polarized parallel to the applied high voltage. The detection setup, consisting of an EO crystal between a pair of crossed polarizers, can be referred to as an ultrafast transverse EO modulator, which allows one to detect the electric field strength of the terahertz pulse as an intensity variation of the optical probe pulse. The temporal shape of the terahertz pulse, E(t), is recorded by varying the delay line of the optical probe pulse. The FSS is placed halfway between the terahertz emitter and the highdensity polyethylene lens, and the terahertz pulse reaches the FSS after 9 cm of free-space propagation at normal incidence as a plane wave. 31 For further details on the measurement setup the reader is referred to Ref. 32 .
The electric field strength of the terahertz pulse, E(t), is recorded with and without the FSS placed in the path of the terahertz beam. By taking the Fourier transform of the time-domain data E(t), one obtains the complex amplitude spectrum Ẽ () in the form of both magnitude E() and phase (). The power transmittance T P () is obtained by taking the square of the ratio between the Fouriertransformed sample and reference data:
͑1͒
An electromagnetic wave transiting an FSS encounters a phase shift of
Numerical and Experimental Results
In this section, we compare some theoretical analyses performed with the method described in Sec. 2 to the measurement data. The first example refers to the cross-shaped bandpass filter shown in Fig. 4 . The dimensions of the cross aperture are reported in Fig. 8͑a͒ . The thickness of the metal screen is tϭ10 m, and the incident field is a vertically polarized uniform plane wave, incident from the normal direction.
In the first analysis, we calculated the power transmittance and the phase shift of the filter in the frequency range 10 to 1500 GHz. In this simulation, we used 26 entire domain basis functions, i.e., waveguide modes, and 425 Floquet modes. The overall computing time on a PC Pentium II ͑200 MHz͒ was 86 s for the calculation of the frequency response at 150 frequency points. It is worth noting that the calculation of the waveguide mode spectrum ͑i.e., the set of entire domain basis functions͒ required only 10 s. Figure 9 shows the power transmittance and the phase shift versus the frequency: the results obtained with our numerical code are compared with the measurement data. We observe good agreement between theory and measurements, except for a small shift of the resonance frequency, which is 11 GHz lower than expected. This frequency shift is due to the unavoidable smoothness of the aperture boundary, resulting from the fabrication process. From the microscope photographs ͑see Fig. 4͒ , it is possible to deduce that an arc of radius Rϭ40 m should be considered instead of the sharp corners. On considering the smoothed cross ͓Fig. 8͑b͔͒, the calculated resonance frequency of the filter shifts upward, getting closer to the measured one ͑Fig. 10͒. The results of the analysis of the smoothed cross are in excellent agreement with the measurement data over the whole frequency band. Due to the flexibility of our code, the numbers of entire domain basis functions and of Floquet modes do not change; therefore the CPU time is unchanged.
The other three examples refer to dichroic filters with circular holes in a hexagonal array ͑Fig. 6͒, whose characteristics are given in Table 1 . The measured and simulated transmittances and phase shifts of D1 and D2, which differ only in the thickness of the metal plate, are reported in Figs. 11 and 12. Also in these cases, the numerical results compare very well with the experimental ones, and the CPU time is very short: 58 s for the analysis of both D1 and D2 at 100 frequency points on a PC Pentium II ͑200 MHz͒. The main difference between D1 and D2 is the slope of the transition between the rejection band and the passband: as expected, the filter D2 ͑the thicker dichroic͒ exhibits a steeper transition across the cutoff frequency. This is mainly due to the fact that the longer the waveguide section ͑see Fig. 2͒ , the higher the attenuation of the fundamental mode just below its cutoff frequency, and therefore the ter- Fig. 10 Numerical results for the filter considering the aperture shape with rounded corners [ Fig. 8(b) ], compared with experimental data. Fig. 9 Numerical results for the filter considering the aperture shape with sharp corners [ Fig. 8(a) ], compared with experimental data. The transmittance phase is the difference between the phase measured with and without the filter. minal sections of the waveguide of D2 become rapidly uncoupled. The dichroic D3 is very challenging, particularly for the mechanical structuring, since it is designed for operating with a cutoff frequency of 1.1 THz. Its frequency response, both measured and calculated, is reported in Fig. 13 . The CPU time on a PC Pentium II ͑200 MHz͒ is 66 s for 200 frequency points. The good agreement between measured data and numerical results points out the effectiveness of the mechanical fabrication by CNC milling as well as the suitability of the measurement setup for high frequencies. More experimental interpretation of the transmittance characteristics, especially the phase-shift behavior, of dichroic filters can be found in Ref. 33 .
Conclusions
In this paper we have discussed the fabrication of FSSs operating in the terahertz region, demonstrating its feasibility both by galvanizing growth and by mechanical ͑milling͒ machining. The frequency response of the prototypes was measured in the band 0 to 2 THz by a THz-TDS approach. The simulations, performed by a novel algorithm based on the BI-RME method, agree very well with the measurements. 
